We report here a series of water−alcohol-soluble hyperbranched polyelectrolytes, which can be used as both cathode interfacial materials (CIMs) in polymer solar cells (PSCs) and organic photocatalysts for hydrogen or oxygen evolution. Hyperbranched polyelectrolytes (HD-Br, HN-Br, and HP-Br) are quaternization-polymerized from 1,3,5-tri(pyridin-4-yl)benzene and alkyl bromide terminated conjugated moieties, including diketopyrrolopyrrole (DPP), naphthalene diimide (NDI), and perylenediimide (PDI) moieties. These hyperbranched polyelectrolytes possess good water/alcohol solubility and a semiconductive property, which render them good candidates for applications in PSCs and photocatalysis. In PSCs, these hyperbranched polyelectrolytes could lower the work function of the metal electrode, facilitate electron collection, and improve the photovoltaic performance. In photocatalysis, these hyperbranched polyelectrolytes show good water dispersity and provide good interface contact between polyelectrolytes and water, resulting in efficient photocatalytic hydrogen or oxygen evolution.
■ INTRODUCTION
Organic semiconductors have received wide attention in the past two decades due to their variable chemical structures and rich properties. The chemical structures of organic semiconductors can be easily modified via chemical synthesis, which endows them with variable energy levels, absorption spectra, and mobilities as well as good solution processability. Up to now, organic semiconductors have been widely applied into various applications, including organic light emitting diodes, organic solar cells, field-effect transistors, and photocatalysis. 1−8 Among various organic semiconductors, water/alcoholsoluble conjugated polymers (WSCPs) have attracted extensive attention due to their outstanding optoelectronic properties and unique solubility/processability in polar solvents. 9−14 Typically, WSCPs are composed of π-conjugated backbones and polar side chain groups (such as quaternary ammonium, dihydroxyethylamino, sulfonic, and zwitterionic groups, etc.). Compared to most of the traditional organic semiconductors, which are soluble in nonpolar/low-polar solvents, WSCPs possess unique solubility in polar solvents, such as water, methanol, and so on, facilitating orthogonal processability to fabricate multilayer optoelectronic devices and prevent the solvent erosion problem. 11,15−17 The πconjugated backbone of WSCPs provides a band structure, absorption and emission spectra, and good electron transporting characteristics, rendering wide application in optoelectronic devices. For example, WSCPs have been excellently used as interlayer materials in PSCs by improving the electron/hole collection in the electrode. 2,18−27 The multiple functions of WSCPs, including work function alternation, hole blocking, interface doping, and morphology optimization have contributed to the overall improvement in the photovoltaic performance of PSCs. 28−31 Besides the successful application of WSCPs in optoelectronic devices, it was also shown recently that WSCPs are good candidates for photocatalytic application, such as hydrogen evolution. 32−36 Compared to most of the conjugated polymers with hydrophobic side chains, WSCPs with polar side chains possess much better dispersity in water, which enlarges the contact interface for water reduction and cocatalyst loading. 33−35,37−39 Moreover, the polar side chains could also enable better interaction with the metal cocatalyst and reduce recombination, resulting in greatly improved photocatalytic performance for hydrogen evolution. 33, 34, 36 Herein, we designed and synthesized three novel hyperbranched polyelectrolytes (HD-Br, HN-Br, and HP-Br,Scheme 1) bearing diketopyrrolopyrrole (DPP), naphthalene diimide (NDI), and perylenediimide (PDI) moieties via quaternization polymerization. These hyperbranched polyelectrolytes possess three-dimensional, highly branched, and dendritic molecular structures, 40−44 endowing them with excellent solubility/ processability in polar solvents. These water−alcohol-soluble hyperbranched polyelectrolytes are promising candidates of cathode interfacial materials (CIMs) for PSCs and photocatalysts for hydrogen or oxygen evolution. When used in PSCs, these hyperbranched polyelectrolytes possess excellent interface modification capability and significantly increase electron extraction in the cathode, resulting in improved photovoltaic performance. These hyperbranched polyelectrolytes showed great potential as photocatalysts for hydrogen or oxygen evolution due to their good water dispersity, which optimizes the interface contact between polyelectrolytes and water/cocatalysts. This work demonstrates the great promise of using hyperbranched polyelectrolytes for multiple applications, and the strategy could be also used to design novel polyelectrolytes for other scientific fields.
■ RESULT AND DISCUSSION
Synthesis and Characterization. The chemical structures of the three hyperbranched polyelectrolytes (HD-Br, HN-Br, and HP-Br) with different conjugated moieties and similar soft alkyl linkers are shown in Scheme 1. The synthetic routes of these polyelectrolytes are presented in Scheme S1, and the detailed synthetic procedure of the three polyelectrolytes is given in the experimental section of the Supporting Information. Briefly, monomers 2,5-bis(6-bromo-hexyl)-3,6dithiophen-2-yl-2,5-dihydro-pyrrolo [3,4- , and 2,9-bis(5-bromopentyl)-anthra[2,1,9-def:6,5,10-d′e′f ′]diisoquinoline-1,3,8,10tetraone (M3) were reacted with 1,3,5-trispyridylbenzene (TPB) via nucleophilic substitution reaction in N,Ndimethylformamide (DMF) under microwave irradiation at 130°C, individually, resulting in quaternary pyridinium hyperbranched polyelectrolytes. The molecular weights of these three polyelectrolytes are higher than 8.0 kDa, since the low-molecular-weight fractions of these polyelectrolytes were removed through dialysis membrane (8000 D) from water/ methanol. The chemical structures of these polyelectrolytes were confirmed by 1 H NMR spectroscopy. It should be noted that the quaternization polymerization for these polyelectrolytes is metal-free, byproduct-free, and high-yield, which shows great potential for large-scale preparation of functional polyelectrolytes. These polyelectrolytes are readily soluble in polar solvents, such as DMF, dimethylsulfaoxide, methanol, 2,2,2-trifluoroethanol (TFE), and acetonitrile due to their highly ionized pyridinium core and soft linkers. In particular, the solubility of these polyelectrolytes in alcohol-like solvents renders orthogonal processability in combination with semiconductors processed from nonpolar or low-polar solvents, which is very essential for the fabrication of multilayer optoelectronic devices.
Optical Properties. The UV−vis absorption spectra of HD-Br, HN-Br, and HP-Br in solution and in the film state were examined. As shown in Figure 1 , these polyelectrolytes, 
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Forum Article which have different building blocks, depicted diverse absorption characteristics according to their conjugated moieties. The UV−vis spectra of HD-Br in solution displayed the characteristic peaks at 336 nm, which can be attributed to the π−π* transition of the DPP moieties, and at 501 nm, which was the intramolecular charge transfer (ICT) characteristic in DPP moieties. A shoulder peak at 531 nm in HD-Br attributed to π−π stacking of DPP moieties can be also observed. 45 The thin film of HD-Br showed slightly red-shifted absorption compared to that in solution, indicating the more ordered packing in the HD-Br thin film. The absorption spectrum of HN-Br in solution only covers from 300 to 380 nm with peaks at 338, 357, and 377 nm. The absorption peaks of HP-Br in solution are found at 460, 490, and 524 nm, whereas the peaks of HP-Br film are located at 503 and 552 nm. The absorption spectrum of HP-Br film shows a broader range and a prominent red shift compared to that in solution due to the robust solid-state packing of the PDI core. 46 The optical band gap (Eg opt ) of these polyelectrolytes was calculated from thin film by using following equation: Eg opt = 1240/λ onset . HD-Br, HN-Br, and HP-Br deliver optical band gaps of 2.02, 2.96, and 1.88 eV, respectively.
Electrochemical Properties. The electrochemical behavior of these hyperbranched polyelectrolytes was examined by cyclic voltammetry (CV) analysis, and the results are shown in Figure 2 . Since these polyelectrolytes are solublize well in acetonitrile, we performed the CV experiments of HD-Br, HN-Br, and HP-Br to study the energy level evolution of these polyelectrolytes. The oxidation/reduction potentials (E ox /E re ), highest occupied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) energy levels of these polyelectrolytes are summarized in Table 1 . The E re s for HD-Br, HN-Br, and HP-Br were determined to be −1.15, −0.45, and −0.34 V, respectively. Thus, the LUMO energy levels of HD-Br, HN-Br, and HP-Br are calculated to be −3.65, −4.35, and −4.46 eV, respectively. The E ox s for HD-Br, HN-Br, and HP-Br are determined to be 0.70, 2.03, and 2.05 eV, respectively. The HOMO energy levels of HD-Br, HN-Br, and HP-Br are calculated to be −5.49, −6.83, and −6.85 eV, respectively. The deep HOMO energy levels of these polyelectrolytes show that they are capable of significant hole blocking properties and are potentially suitable CIMs for different donor materials in PSCs. 47, 48 Electron Spin Resonance. N-type semiconductors with counteranions possess n-type self-doping behaviors due to the electron transfer behavior from anions to n-type conjugated backbones. Modulating the counterions species and conjugated backbones is an easy tool to tune the self-doping properties. Electron spin resonance (ESR) spectroscopy of these polyelectrolytes was performed in order to provide the evidence of self-doping behaviors, which occur between the bromide anions of these hyperbranched polyelectrolytes and their n-type moieties. 49 As shown in Figure 3 , all the hyperbranched polyelectrolytes showed a g value around 2.002. The ESR intensity of HP-Br is much stronger than those of HD-Br and HN-Br, which can be ascribed to the deeper LUMO energy level and large aromatic plane of the PDI moiety in HP-Br. The strong ESR intensity of HP-Br implies the stronger electron transfer from Br − to the PDI moiety, which might largely promote the charge transporting properties of HP-Br. Moreover, it can be observed that the ESR signal of HD-Br is stronger than that of HN-Br, a phenomenon that is opposite to their LUMO energy level. The stronger ESR signal of HD-Br might be attributed to the strong donor−acceptor charge transfer inside the DPP moiety and relatively large conjugated aromatic plane that might stabilize the radical anions. 50 Photovoltaic Performance. The potential of these hyperbranched polyelectrolytes as CIMs for PSCs was investigated. We fabricated the conventional PSC devices Figure 4 , and the device parameters are summarized in Table 2 . For comparison, photovoltaic devices without interlayer materials were also fabricated and showed a low PCE of 5.80%. Inserting a thin layer of hyperbranched polyelectrolyte between the active layer and Ag cathode as the CIM can improve the interface contact as well as the photovoltaic performance. Devices with 5 nm HD-Br showed a V oc of 0.86 V, a J sc of 16.48 mA/cm 2 , and an FF of 66.12%, corresponding to a PCE of 9.43%. Similar results can also be observed in devices with 5 nm HP-Br. Unfortunately, devices with 5 nm HN-Br could not afford a satisfied PCE. The reduced V oc and low FF in HN-Br based devices may be ascribed to the incomplete coverage of HN-Br upon the active layer. We also fabricated devices with thicker CIMs, since a thicker CIM will be well-matched with the requirements of the fabrication of larger-area PSCs. 13,51−53 Herein, devices with 20 nm CIMs were also fabricated and showed even slightly better performance. Devices with 20 nm HD-Br and HP-Br delivered PCEs of 9.77 and 9.87%, indicating that these two hyperbranched polyelectrolytes could be potential thickness-insensitive CIMs that can be used to fabricate large-area PSCs. The EQE curves for the devices with 20 nm CIMs were also collected and showed a wide response from 300 to 800 nm, which fits well with the absorption spectrum of the active layer. CIMs possess multiple functions including modification of the electrode, hole blocking, and interface doping, among others. 48, 49, 51, 54 Here, the work functions (examined by Kelvin probe microscopy) of the Ag cathodes with 20 nm HD-Br, HN-Br, and HP-Br were reduced to 3.91, 4.17, and 4.08 eV, respectively. The lowered work functions of the modified Ag cathode indicate that better energy alignment at the active layer/interlayer/Ag interface was achieved. Moreover, the Br − in these hyperbranched polyelectrolytes may also slightly n-dope ITIC and improve the electron collection at the cathode. 25, 30 Photocatalytic Hydrogen/Oxygen Production. We also explored the possible application of these hyperbranched polyelectrolytes in photocatalytic hydrogen/oxygen evolution from water. Conjugated polymers were recently discovered as novel photocatalysts for hydrogen evolution. 55−65 Polyelectrolytes are good candidates of photocatalysts for hydrogen and oxygen evolution, since they can be well-dispersed into water and enable good interface contact with both water and metal cocatalysts. The better dispersity of photocatalysts could provide a larger surface area for the cocatalyst loading, reducing the distance for separated charges immigrating to the edge of photocatalyst for reaction. Here, the hyperbranched polyelectrolytes are submitted for both photocatalytic water reduction and oxidation. The experimental details can be found in the Supporting Information, and the results are given in Table 3 . In the photocatalytic water reduction, ascorbic acid was used as the sacrificial electron donor, and Pt nanoparticles (3 wt % of the polyelectrolytes) were used as cocatalysts. 61 These hyperbranched polyelectrolytes were dispersed into water and ultrasonicated into homogeneous solution. The photocatalytic results showed that only HD-Br can enable efficient hydrogen evolution. As shown in Figure 5a , the generated H 2 as a function of time shows that the produced H 2 approximately follows a linear relationship. A total of 13.5 μmol of H 2 was produced in 5 h for the HD-Br based reaction, corresponding to a hydrogen evolution rate (HER) of 1.08 mmol·g −1 ·h −1 for HD-Br. The ammonium groups in HD-Br possess the capability to electrostatically assemble with metal cocatalysts, resulting in enhanced charge transfer and hydrogen evolution. 33 However, HN-Br and HP-Br could not produce H 2 , which might be attributed to their lowered energy levels that could not provide sufficient driving force ( Figure 6 ). Nevertheless, the efficient photocatalytic H 2 

Forum Article evolution confirms that the hyperbranch strategy is efficient to prepare polyelectrolytes with good water dispersity and efficient photocatalytic performance. We also checked the photocatalytic performance of the monomers ( Figure S1 ), which was much lower than those of the polyelectrolytes, indicating the importance of water-soluble ionic groups to achieve efficient photocatalytic performance. Besides the photocatalytic water reduction, we also explored the potential of using these hyperbranched polyelectrolytes for water oxidation. The photocatalytic oxygen evolution activity of HD-Br, HN-Br, and HP-Br was tested under visible light irradiation (λ > 420 nm) in water with AgNO 3 as an electron scavenger and Co 3 O 4 as the cocatalyst. No oxygen could be detected for reaction solutions with HD-Br and HN-Br except for HP-Br. As shown in Figure 5b , the reaction solution with HP-Br could produce 4.10 μmol of O 2 in 5 h, corresponding to an average oxygen evolution rate of 82. 66 The energy level (∼1.1 V vs NHE) of HD-Br has revealed disparity, which is not satisfactory for water oxidation. This reason may be why HD-Br has lower efficiency ( Figure  6 ). On the other hand, HN-Br has poor absorption in the visible range, which might affect its efficiency. These results indicate the importance of the energy level for water reduction/oxidation, and it is possible to achieve higher photocatalytic performance via modulating the electronic properties of hyperbranched polyelectrolytes.
■ CONCLUSION
In summary, a series of water−alcohol-soluble hyperbranched polyelectrolytes (HD-Br, HN-Br, and HP-Br) were designed and synthesized. The good water/alcohol solubility and processability of these hyperbranched polyelectrolytes enable the successful application both in PSCs and photocatalysis. In PSCs, these hyperbranched polyelectrolytes could lower the work function of the metal electrode, facilitate electron collection in the cathode, and improve the photovoltaic performance of PSCs. In photocatalysis, these hyperbranched polyelectrolytes show good water dispersity, provide good interface contact between polyelectrolytes and water, and achieve efficient photocatalytic hydrogen or oxygen evolution. This work demonstrates that hyperbranched polyelectrolytes with fine-tuned chemical structures are promising candidates for different applications. 
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